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Introduction {#sec1}
============

Haploinsufficiency---a mechanism by which a loss-of-function mutation leaves only one functional copy of a gene and so leads to insufficient gene product ([@bib7])---is a major cause for developmental disorders ([@bib17], [@bib21]), including male infertility ([@bib3], [@bib39]). Haploinsufficiency phenotypes typically involve key genes that encode transcription factors and/or function in developmental processes ([@bib5], [@bib7]). Unsurprisingly, several epigenetic factors with roles in development (NSD1, SUZ12, TRIM28, and many others) have been described to display haploinsufficiency phenotypes ([@bib4], [@bib17], [@bib23]). TRIM28 (tripartite motif-containing protein 28), also known as KAP1, is an important mediator of epigenetic modifications. It is developmentally indispensable, as evident in the embryonic lethality of zygotic ([@bib2]) and maternal TRIM28 knockout mice ([@bib20], [@bib22], [@bib28]), as well as the acute mortality of adult mice upon induction of systemic TRIM28 deletion (our unpublished data). Functionally, TRIM28 has been implicated in an array of processes, such as cell differentiation ([@bib25]), DNA damage response ([@bib34]), silencing of retroviral elements ([@bib26], [@bib36]), and epigenetic germline-to-soma inheritance ([@bib20], [@bib22], [@bib28], [@bib30]). Haploinsufficiency of TRIM28 was shown to trigger a bistable obesity phenotype in mice, which was attributed to non-classical imprinted gene dysregulation ([@bib4]). Here, we report a new facet to TRIM28 haploinsufficiency, a remarkably penetrant infertility phenotype in heterozygous *Trim28* (*Trim28*^*Het*^) male mice.

In the seminiferous tubules of the testis, millions of spermatozoa are produced on a daily basis through a process termed spermatogenesis ([@bib15]). During this process, spermatogonial stem cells (SSCs) undergo proliferative mitotic divisions at the basement membrane of seminiferous tubules to self-renew or form chains of spermatogonia that gradually differentiate into spermatocytes. Spermatocytes undergo reductive meiotic divisions to form haploid spermatids that are morphologically transformed into spermatozoa and eventually released into the lumen of the tubule. At present, TRIM28 has been shown to be expressed in spermatocytes and round spermatids. It is required for normal spermatogenesis yet the mechanism of the testicular degeneration upon TRIM28 deletion remains unclear and a possibly paracrine, non-cell-autonomous model has been evoked ([@bib33]).

In this study, we uncovered and characterized a *Trim28* haploinsufficiency-induced infertility phenotype using conditional, constitutive, and inducible genetic approaches. We redefined the expression domain of TRIM28 in spermatogenesis and revealed a new, essential role of TRIM28 in the maintenance of the SSC compartment.

Results {#sec2}
=======

*Trim28* Heterozygosity Causes Testicular Degeneration and Infertility {#sec2.1}
----------------------------------------------------------------------

We observed a dramatic age-dependent decrease of fertility in heterozygous *Trim28* (*Trim28*^*Het*^) males in our colony ([Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}). At 32 weeks, testes of *Trim28*^*Het*^ mice were significantly smaller than those of age-matched control mice (0.09% ± 0.01% vs 0.36% ± 0.02% of body weight \[BW\]) with their histology revealing numerous Sertoli cell-only tubules ([Figure S1](#mmc1){ref-type="supplementary-material"}A). These animals also had smaller epididymides (0.09% ± 0.01% vs 0.14% ± 0.01% BW) that were largely devoid of spermatozoa ([Figure S1](#mmc1){ref-type="supplementary-material"}B). The observed infertility could thus result from a loss of germ cells, which is supported by reduced cell counts at 16 weeks ([Figures S1](#mmc1){ref-type="supplementary-material"}C--S1E). In addition, we observed the presence of abnormal spermatozoa, which may contribute, to a minor extent, to reduced fertility in younger mice ([Figure S1](#mmc1){ref-type="supplementary-material"}F). Of note, in our hands *Trim28* haploinsufficiency did not induce an obesity phenotype ([Figure S1](#mmc1){ref-type="supplementary-material"}G) as reported previously ([@bib4], [@bib35]).Figure 1*Trim28* Haploinsufficiency in Germ Cells Leads to Testicular Degeneration and Premature Infertility(A) Mating experiment demonstrating reduced fertility in *Trim28*^*Het*^ and *Trim28*^*cHet*^ males. n ≥ 3.(B) Changes in testis size with age. Size of various heterozygous testes at 24 weeks (boxed). SD and p values are indicated; n ≥ 3. Diagrams show 24-week *Trim28*^*WT*^ (black box), *Trim28*^*cHet*^ (blue box), and *Trim28*^*Het*^ (red box) testes. Scale bars, 2 mm.(C) Changes in percentage of aberrant seminiferous tubules with age. "Aberrant" refers to tubules that are largely depleted of germ cells. SD and p values are indicated; n ≥ 3.(D) H&E staining of seminiferous tubules in 24-week testes. (^∗^) denotes aberrant tubules. Scale bar, 50 μm.(E and F) Percentage of germ cell-containing tubules (E) and germ cell count per tubule (F) in E18.5 embryonic testes. SD and p values are indicated; n ≥ 3.(G) Testis size of *Trim28*^*Ctr*^ and *Trim28*^*iHet*^ males 4 weeks after tamoxifen injection. SD and p values are indicated; n ≥ 3.Each symbol in (C), (E), (F), and (G) represents one mouse. Student\'s t test was used for all significance tests. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

We conducted timed mating experiments to quantify the cumulative progeny of males and found that *Trim28*^*Het*^ males reproducibly become sterile as early as 20 weeks ([Figure 1](#fig1){ref-type="fig"}A). To test if the observed haploinsufficiency effects were germ cell-autonomous or related to systemic TRIM28 reduction, we produced germ cell-specific (conditional) *Trim28* heterozygous (*Trim28*^*cHet*^) mice. In these animals, one *Trim28* allele is excised only in germ cells shortly before birth using the *Mvh-cre* deleter strain ([@bib9]) (see [Figure S2](#mmc1){ref-type="supplementary-material"} for mouse model details). Although *Trim28*^*cHet*^ males sired more pups than *Trim28*^*Het*^ males initially, they also displayed an age-dependent decrease of fertility culminating in complete infertility ([Figure 1](#fig1){ref-type="fig"}A). For both *Trim28*^*cHet*^ and *Trim28*^*Het*^ males, the decreased fertility over time paralleled a gradual degeneration of the testis---evident in decreasing testis/BW ratio ([Figures 1](#fig1){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"}H) accompanied by an age-dependent increase in aberrant seminiferous tubules ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}I). Sertoli cell-specific heterozygosity of *Trim28* (*Trim28*^*sHet*^), induced through *Amh-cre* deletion ([@bib13]) ([Figure S2](#mmc1){ref-type="supplementary-material"}), did not impact on testis size or tubule composition ([Figures 1](#fig1){ref-type="fig"}B and 1D). Despite the phenocopy of *Trim28*^*Het*^ animals, we noticed a discrepancy in the testicular phenotype of *Trim28*^*cHet*^ mice at 4 weeks ([Figures 1](#fig1){ref-type="fig"}B and 1C), which may be explained by early prenatal effects of TRIM28 reduction (in *Trim28*^*Het*^) resulting in less pre-spermatogonia just before birth (E18.5) ([Figures 1](#fig1){ref-type="fig"}E and 1F).

Finally, we used a tamoxifen-inducible, germ cell-specific *Trim28*-heterozygous mouse model (*Trim28*^*iHet*^) based on the *Mvh-cre*^*ERT2*^ ([@bib14]) ([Figure S2](#mmc1){ref-type="supplementary-material"}) to test if the degenerative phenotype was dependent on pre- or postnatal deletion of one *Trim28* allele. Eight-week-old males were injected with tamoxifen, and testes of *Trim28*^*iHet*^ males were found to be much smaller than those of *Trim28*^*Ctr*^ mice (0.23% ± 0.02% vs 0.34% ± 0.04% BW) 4 weeks later ([Figure 1](#fig1){ref-type="fig"}G). This suggests that testicular degeneration was independent of prenatal TRIM28 reduction. Altogether these findings demonstrate the germ cell-autonomous requirement of TRIM28 for normal spermatogenesis in young and adult male mice.

Testicular Degeneration Originates from the Spermatogonia Compartment {#sec2.2}
---------------------------------------------------------------------

We established that *Trim28* haploinsufficiency causes a gradual, age-dependent testicular degeneration. Next, we surveyed the germ and somatic cell populations within the seminiferous tubules using their respective cellular markers---SALL4 (spermatogonia, SG), SYCP3 (spermatocytes, SC), and SOX9 (Sertoli cell, SE)----at various ages. This analysis revealed four types of tubules commonly observable in both heterozygous mutant models (*Trim28*^*Het*^ and *Trim28*^*cHet*^): (1) normal tubules that contain SALL4/SYCP3-positive cells (SG^+^/SC^+^), (2) spermatogonia-deficient tubules containing SYCP3-positive but not SALL4-positive cells (SG^−^/SC^+^), (3) spermatogonia- and spermatocyte-deficient tubules without SALL4/SYCP3-positive cells (SG^−^/SC^−^), and (4) Sertoli cell-only tubules containing only SOX9-positive cells (SE-only) ([Figure 2](#fig2){ref-type="fig"}A). Note that, apart from SE-only, all tubules contained spermatids (ST), which are identifiable by DAPI staining. In control animals, up to 16 weeks, we found no SG^−^/SC^−^ or SE-only tubules and rarely observed SG^−^/SC^+^ tubules (4.25% ± 0.79%) ([Figure 2](#fig2){ref-type="fig"}B, top row and [Figure S3](#mmc1){ref-type="supplementary-material"}). Conversely, in *Trim28*^*cHet*^ testis, while showing a majority SG^+^/SC^+^ tubules at 4 weeks (94.30% ± 2.55%), the proportion of SG^−^/SC^+^ tubules increased dramatically (31.08% ± 6.67%) at 8 weeks (with 64.26% ± 7.55% remaining SG^+^/SC^+^). This phenotype was exacerbated with the appearance of SG^−^/SC^−^ (22.26% ± 7.21%) and SE-only (17.90% ± 1.03%) tubules, further reducing SG^+^/SC^+^ (40.78% ± 9.75%) tubules at 16 weeks ([Figure 2](#fig2){ref-type="fig"}B, middle row and [Figure S3](#mmc1){ref-type="supplementary-material"}). *Trim28*^*Het*^ testis showed a similar sequential degenerative trend with the appearance of first SG^−^/SC^+^ followed by SG^−^/SC^−^ and finally SE-only tubules. However, the defects were more pronounced and yet more variable with pre-existing SE-only tubules at 4 weeks (10.31% ± 7.72%) ([Figure 2](#fig2){ref-type="fig"}B, bottom row and [Figure S3](#mmc1){ref-type="supplementary-material"}). This is again likely due to prenatal effects, consistent with our previous observation ([Figure 1](#fig1){ref-type="fig"}E). We also observed, in both mutant models but not controls, the sporadic appearance of spermatocyte-deficient tubules (SG^+^/SC^−^, up to 3.3% at 16 weeks) ([Figures 2](#fig2){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}). Because these tubules contain spermatids, they are probably caused by shedding of spermatocytes from the seminiferous epithelium.Figure 2TRIM28 Deficiency Causes Sequential Loss of Germ Cells Beginning with the Spermatogonia(A) Illustration of a seminiferous tubule segment showing spermatogonium (SG), spermatocytes (SC), spermatids (ST), and Sertoli cell (SE) (top panel). Four commonly observed compositions of germ cells in *Trim28*^*cHet*^ and *Trim28*^*Het*^ tubules from 4 to 16 weeks (bottom panel). Spermatogonia (SALL4, green), spermatocytes (SYCP3, purple), spermatids (DAPI morphology, blue), and Sertoli cells (SOX9, red). Dotted lines demarcate seminiferous tubules. Scale bars, 10 μm.(B) Donut chart tracing the shift in germ cell composition of tubules with age.(C) Shift in germ cell composition of tubules in *Trim28*^*iHet*^ testes 4 weeks after tamoxifen injection. Each concentric circle represents analysis of one mouse.See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

These observations reveal a sequential disappearance of first spermatogonia, then spermatocytes, and finally spermatids, pointing toward a spermatogonia (possibly SSC) defect ([Figure 2](#fig2){ref-type="fig"}B). Importantly, spermatogonia loss was also recapitulated in the *Trim28*^*iHet*^ model when analyzed 4 weeks after tamoxifen injection (17.61% ± 3.45% SG^−^/SC^+^, 80.52% ± 2.27% SG^+^/SC^+^) ([Figures 2](#fig2){ref-type="fig"}C and [S3](#mmc1){ref-type="supplementary-material"}). Taken together, our findings suggest that testicular degeneration is primarily driven by the depletion of spermatogonia, which is triggered by reduction of TRIM28.

Spermatogonia Express Low Levels of TRIM28 {#sec2.3}
------------------------------------------

Expression of TRIM28 during spermatogenesis was reported in mid-pachytene spermatocytes to early elongating spermatids and not at earlier meiotic stages or in spermatogonia ([@bib33]). This, in combination with our observed spermatogonia depletion, may suggest a non-cell-autonomous, perhaps paracrine, effect of TRIM28 in spermatocytes on spermatogonia, which is at odds with chemical methods for germ cell depletion and SSC-mediated regeneration ([@bib32]). We therefore reassessed TRIM28 expression in the seminiferous tubule by immunofluorescence staining. We found TRIM28 to be widely expressed in both germ and somatic cells, including, spermatocytes, spermatids, and Sertoli cells, as previously described. However, we further detected TRIM28 in preleptotene spermatocytes and crucially also in SALL4-positive spermatogonia, although at a much lower intensity ([Figures 3](#fig3){ref-type="fig"}A and [S4](#mmc1){ref-type="supplementary-material"}A). No staining was found in elongated spermatids or spermatozoa. Our findings were independent of fixation method and consistent with different TRIM28 antibodies ([Figure S4](#mmc1){ref-type="supplementary-material"}B). To further confirm the specificity of the staining, we ablated TRIM28 in all germ cells using our *Mvh-cre*^*ERT2*^-inducible, germ cell-specific *Trim28*-knockout mouse model (*Trim28*^*iKO*^). Although in adult control (*Trim28*^*Ctr*^) animals SALL4-positive spermatogonia continued faint TRIM28 staining upon induction, adult *Trim28*^*iKO*^ SALL4-positive spermatogonia lost all TRIM28 staining post-recombination ([Figure 3](#fig3){ref-type="fig"}B). This was also recapitulated in seminiferous tubules of postnatal day 7 (P7) pup testes, which harbor only spermatogonia (of diverse differentiation stages) and Sertoli cells ([Figure 3](#fig3){ref-type="fig"}C). The specific protein expression of TRIM28 in spermatogonia is further supported by multiple recent RNA sequencing (RNA-seq) datasets ([@bib11], [@bib12]). *Trim28* was detectable in SSCs (ID4-eGFP bright cells) as well as progenitor undifferentiated spermatogonia (ID4-eGFP dim cells) at the transcript level ([@bib12]) ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Indeed, in THY1-enriched P7 germ cells, we detected *Trim28* by qPCR and saw approximately 50% reduction in *Trim28*^*Het*^ and *Trim28*^*cHet*^ mutants ([Figure 3](#fig3){ref-type="fig"}D), which translated to a similar decrease in protein level in heterozygous spermatogonia ([Figure 3](#fig3){ref-type="fig"}E). In addition to mouse testis, we stained adult human testis for TRIM28 and found a highly conserved expression pattern from mice to men, including in spermatogonia ([Figure S4](#mmc1){ref-type="supplementary-material"}D).Figure 3TRIM28 Is Expressed in Spermatogonia but at a Lower Level Compared with Later Germ Cells(A) Immunofluorescence staining of adult testis indicating TRIM28 expression (red) in germ cells. Scale bar, 20 μm. Seminiferous tubule segment focusing on TRIM28 (red) expression in spermatogonium (green) (small panels). SG, spermatogonium; pL-SC, preleptotene spermatocyte; P-SC, pachytene spermatocyte; R-ST, round spermatid; E-ST, elongated spermatid.(B and C) Immunofluorescence staining of adult (B) and P7 (C) *Trim28*^*Ctr*^ and *Trim28*^*iKO*^ testes showing expression and absence of TRIM28 in wild-type and knockout SALL4-positive spermatogonia, respectively. Seminiferous tubules are demarcated by dotted lines. Scale bars, 20 μm.(D) *Trim28* expression in magnetic-activated cell sorting-sorted THY1-enriched spermatogonia. Each symbol represents one biological replicate. SD and p values are indicated; n = 3.(E) Immunofluorescence staining of P7 *Trim28*^*WT*^ and *Trim28*^*cHet*^ testes showing expression and reduction of TRIM28 in SALL4-positive spermatogonia. Scale bars, 10 μm. Ratio of SG CTCF to SE CTCF based on measurement of fluorescence intensity. SE, Sertoli cell; CTCF, corrected total cell fluorescence. Each symbol represents one cell. SD and p values are indicated; n ≥ 10. Student\'s t test was used for all significance tests.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Having shown and validated the expression of TRIM28 in spermatogonia, in light of the progressive loss of spermatogonia, we hypothesize that, without sufficient intrinsic TRIM28, SSCs are unable to maintain spermatogenesis.

SSCs Require TRIM28 to Maintain Spermatogenesis {#sec2.4}
-----------------------------------------------

After the initial wave(s), subsequent rounds of spermatogenesis initiate from the SSC pool, which is sustained by self-renewal division ([@bib18], [@bib37]). To determine the ability of TRIM28-deficient SSCs to maintain spermatogenesis, we depleted adult mouse testes of germ cells by administering a single intraperitoneal dose of busulfan (30 mg/kg), a DNA-alkylating agent that targets and eliminates proliferating cells, such as spermatogonia ([@bib32]), and assessed the repopulation of these testes 15 weeks after injection ([Figure 4](#fig4){ref-type="fig"}A). Although *Trim28*^*WT*^ testes regenerated tubules to some extent, neither of the heterozygote models showed any recovery ([Figures 4](#fig4){ref-type="fig"}A--4C). The proportion of regenerated tubules in *Trim28*^*WT*^ testes (33.61% ± 12.32%) was correlated to the proportion of SALL4-positive tubules (32.39% ± 10.66%), indicating that the replenished germ cells were derived from SSCs as expected ([Figures 4](#fig4){ref-type="fig"}C and 4D). The lack of spermatogonia, and therefore regenerated tubules, in the *Trim28*^*Het*^ and *Trim28*^*cHet*^ testes hence implies SSCs exhaustion.Figure 4SSC Requires TRIM28 to Maintain Spermatogenesis(A) Histology of testes 15 weeks after busulfan injection. Scale bars, 50 μm.(B) Testis size 15 weeks after busulfan injection. SD and p values are indicated; n = 3.(C) Percentage of regenerated tubules. SD and p values are indicated; n = 3.(D) Percentage of SALL4-positive tubules. SD and p values are indicated; n = 3.(E) BrdU tracing experiment. A BrdU^+^ A~single~ spermatogonium (putative SSC), upon cell division, either undergoes (the "event") cytokinesis forming two A~single~ or two attached A~paired~ spermatogonia, indicating a tendency toward self-renewal or differentiation, respectively.(F) BrdU experiment scheme and donut chart showing percentage of BrdU-positive events (either self-renewal or differentiation) in whole-mount seminiferous tubules 5 days after BrdU injection. Each concentric circle represents analysis of one mouse and the numbers indicate p values with respect to *Trim28*^*WT*^. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.(G) Percentage of ID4-positive (and SALL4-positive) tubules in P7 and 2-week testes. SD and p values are indicated; n ≥ 3. Validation of ID4 immunostaining on a P7 SALL4-positive spermatogonium. Scale bar, 10 μm.Each symbol in (B), (C), (D), and (G) represents one mouse. Student\'s t test was used for all significance tests.

We next investigated the dynamics of the *Trim28*-heterozygous SSCs. According to the recent "Revised A~single~ model" for SSC self-renewal, A~single~ spermatogonia that express high levels of ID4 are the SSCs ([@bib19]). As spermatogonia proliferate, the increase in spermatogonial chain length (i.e., A~paired~, A~aligned~) directly correlates with their propensity toward a more differentiated state ([@bib19]). With this in mind, we administered bromodeoxyuridine (BrdU) to P5 pups and traced the fate of BrdU-incorporated A~single~ spermatogonia after 5 days since cell division occurs every 3 to 4 days ([@bib6]). Using GFRα1, an early undifferentiated spermatogonia marker that includes SSCs ([@bib24]) in a whole-mount immunofluorescence staining of seminiferous tubules, we scored divisions forming either two detached A~single~ cells (self-renewal) or an A~paired~ cell pair (differentiation) ([Figure 4](#fig4){ref-type="fig"}E). Comparing *Trim28*^*WT*^ (73.27% ± 1.77%) with *Trim28*^*cHet*^ (56.55% ± 4.48%) and *Trim28*^*Het*^ (59.84% ± 3.88%) "A~single~" events, TRIM28-deficient SSCs showed a propensity to form A~paired~ spermatogonia and hence rather differentiate than self-renew ([Figure 4](#fig4){ref-type="fig"}F), thereby likely resulting in premature depletion of the stem cell pool. In support of this hypothesis, we saw a significant and progressive reduction in the proportion of ID4-positive tubules in *Trim28*^*cHet*^ compared with *Trim28*^*WT*^ testes at P7 (91.91% ± 1.01% vs 95.49% ± 1.02%) and 2 weeks (52.82% ± 3.41% vs 62.73% ± 4.89%) ([Figure 4](#fig4){ref-type="fig"}G). Hence, we show that the loss-of-fertility phenotype in the *Trim28*^*Het*^ males likely succeeds the exhaustion of the SSC pool due to their propensity toward differentiation.

Full TRIM28 Loss Worsens Phenotype yet Reveals Dispensability for Germ Cell Differentiation {#sec2.5}
-------------------------------------------------------------------------------------------

Having characterized the phenotype in the heterozygotes, we proceeded to address the obvious question: What ensues from the complete knockout of TRIM28 in germ cells? Apart from our *Trim28*^*iKO*^ model, we generated a germ cell-specific (conditional) *Trim28* knockout mouse (*Trim28*^*cKO*^) using the *Mvh-Cre* deleter strain to study the progression of TRIM28-null germ cells into adulthood.

Complete ablation of TRIM28 in all germ cells (on a heterozygous background) resulted in accelerated degeneration in terms of testis size ([Figure 5](#fig5){ref-type="fig"}A) as well as tubule composition where *Trim28*^*cKO*^ testes had started losing half their SG^+^/SC^+^ tubules at 4 weeks (48.23% ± 21.84%) and almost all of the rest at 8 weeks (3.17% ± 2.44% SG^+^/SC^+^) ([Figure 5](#fig5){ref-type="fig"}B). This dosage phenomenon is independent of pre- or postnatal deletion of TRIM28 since removing both alleles of *Trim28* in adult germ cells furthered progression (compared with *Trim28*^*iHet*^) of testis size reduction (0.16% ± 0.03% vs 0.23% ± 0.02% BW) and spermatogonia loss (31.81% ± 13.60% SG^−^/SC^+^ vs 17.61% ± 3.45% SG^−^/SC^+^) ([Figures 5](#fig5){ref-type="fig"}C and 5D). Another striking observation was the presence of TRIM28-negative spermatocytes and spermatids ([Figure 5](#fig5){ref-type="fig"}E), which indicates that TRIM28-null spermatogonia were able to differentiate into later germ cells instead of being lost to cell death. We can thus posit that TRIM28 functions to maintain the SSC pool but, beyond that, is not necessary for germ cell differentiation.Figure 5TRIM28 KO Worsens Phenotype but Reveals Dispensability in Germ Cell Differentiation(A) Changes in testis size with age. SD and p values are indicated; n ≥ 3.(B) Shift in germ cell composition of seminiferous tubules with age.(C) Testis size of *Trim28*^*iHet*^ and *Trim28*^*iKO*^ males 4 weeks after tamoxifen injection. SD and p values are indicated; n = 4.(D) Shift in germ cell composition of seminiferous tubules in *Trim28*^*iHet*^ and *Trim28*^*iKO*^ testes 4 weeks after tamoxifen injection.(E) Immunofluorescence staining of a *Trim28*^*iKO*^ seminiferous tubule at 4 weeks (P1--P3 tamoxifen injection) showing absence of TRIM28 in pachytene spermatocytes (P-SC) and round spermatids (R-ST). Scale bar, 10 μm. BM, basement membrane.Each concentric circle in (B) and (D) represents analysis of one mouse. See also [Figure S3](#mmc1){ref-type="supplementary-material"}. Student\'s t test was used for all significance tests.

Interestingly, testes of conditional knockout mice generated using the *Stra8-Cre* deleter strain (*Trim28*^*Stra8KO*^) ([@bib27]) did not appear to be significantly affected by the lack of TRIM28 ([Figure 6](#fig6){ref-type="fig"}A). This was mirrored in the tubule composition of *Trim28*^*Stra8KO*^ testes, which were phenotypically similar to the wild type at 4 weeks (95.53% ± 2.45% SG^+^/SC^+^) and 8 weeks (89.98% ± 6.29% SG^+^/SC^+^) ([Figures 6](#fig6){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}). In fact, seminiferous tubules of *Trim28*^*Stra8KO*^ testes still harbored various TRIM28-negative germ cell layers (including SALL4-positive spermatogonia) at 62 weeks (more than thrice the time *Trim28*^*Het*^ and *Trim28*^*cHet*^ took to become infertile) ([Figure 6](#fig6){ref-type="fig"}C). Although (in)efficiency of Cre-mediated recombination might render such a milder phenotype, another logical explanation could be the activation of the *Stra8-cre* in late undifferentiated spermatogonia (in response to retinoic acid) just before transiting into differentiated spermatogonia ([@bib1]). This would concur with our finding that SSCs require TRIM28 since SSCs in these mice should express wild-type levels of TRIM28.Figure 6*Trim28*^*Stra8KO*^ Mice Undergo Less Severe Testicular Degeneration(A) Changes in testis size with age. SD and p values are indicated; n ≥ 3.(B) Shift in germ cell composition of seminiferous tubules with age. Each concentric circle represents analysis of one mouse. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.(C) Immunofluorescence staining of a 62-week-old *Trim28*^*Stra8KO*^ testis. Scale bar, 50 μm.

Discussion {#sec3}
==========

Ablation of key developmental genes has been shown to be incompatible with life, but the haploinsufficient effects of such genes are relatively poorly understood. Our study on TRIM28 reveals that heterozygous mice are viable but exhibit a premature infertility phenotype in male animals. Characterization of this haploinsufficiency phenotype using different mouse models specifies the spatial (as opposed to temporal) importance of TRIM28 function within spermatogonia and provides a new insight into the role of this developmentally essential regulator in spermatogenesis, namely the cell-autonomous homeostasis of the SSC compartment. This expands on a previous study that suggests, on the basis of restricted detection of TRIM28 in mid-pachytene spermatocytes to early elongating spermatids, a TRIM28 requirement for spermatogonia maintenance through a paracrine feedback mechanism from Sertoli cells, or meiotic or post-meiotic germ cells ([@bib33]). Conversely, we irrefutably demonstrated the expression (and reduction due to heterozygosity) of TRIM28 in spermatogonia at RNA and protein levels, making a cell-autonomous effect most plausible. Our finding of TRIM28 expression in spermatogonia and presumably SSC is also supported by RNA-seq datasets of ID4-eGFP bright (and dim) spermatogonia ([@bib12]) as well as THY1-, OCT4-, and KIT-positive spermatogonia ([@bib11]). Interestingly, the expression levels of TRIM28 in spermatogonia are extraordinarily low compared with later spermatocytes and spermatids, which probably confounded previous studies. We speculate that it is this low-level expression that makes these cells particularly vulnerable to haploinsufficiency. This, together with the spermatogonia-initiated germ cell depletion and poor regeneration of chemically depleted testes in *Trim28*^*cHet*^ mice, and propensity of TRIM28-deficient SSC to differentiate, clearly point to a previously unknown role of TRIM28 in SSC.

We showed that complete loss of TRIM28 in spermatogonia potentiated the haploinsufficiency phenotype, presenting a dosage sensitivity phenomenon of TRIM28 while suggesting that other mechanisms of spermatogonia depletion could be underway. Our knockout mouse models also highlighted the dispensability of TRIM28 for germ cell differentiation from spermatogonia to spermatozoa, which is interesting considering that TRIM28 is an important epigenetic regulator and aberrant epigenetic modifications during meiosis have been found to cause meiotic defects ([@bib38]). Of note, *Trim28* deletion using the *Stra8-Cre* deleter strain yielded an initially unexpected milder testicular degeneration phenotype, which could be explained by the activation of *Stra8-cre* in response to retinoic acid in late undifferentiated spermatogonia ([@bib1]), hence avoiding recombination in SSC. Although this supports our hypothesis of the role TRIM28 has in SSC, it reveals the utility of this model for the study of early progenitor spermatogonia and SSC.

*Trim28* haploinsufficiency has previously been shown to trigger obesity ([@bib4]), which is positively correlated with male infertility ([@bib16]). However, neither were *Trim28*-heterozygous mice in our study presented with obesity nor were such obese mice reported to have impaired fertility. This discrepancy may be explained by the divergent genetic background of animals used, since our *Trim28* colony is of pure C57BL/6J background ([@bib22]), while other studies reporting bistable obesity, yet not infertility, were carried out on an FVB/NJ background ([@bib4], [@bib35]). Interestingly, this also implies that the observed infertility is not obesity-related but germ cell-autonomous as further supported by germ cell-specific TRIM28 haploinsufficiency.

Finally, the adult haploinsufficiency phenotypes of developmentally essential factors are of particular interest in the study of human syndromes. We show that TRIM28 is also expressed in human spermatogonia. Moreover, RNA-seq analysis of human testis samples revealed a broad range of *Trim28* expression levels (82.1--210.8 reads per kilobase of transcript per million mapped reads) ([@bib31]), possibly hinting toward a relevance of TRIM28 insufficiency in idiopathic infertility of men.

Experimental Procedures {#sec4}
=======================

Mouse Models {#sec4.1}
------------

All animal work was performed under and in accordance with the approved IACUC protocol (no. 181393). Derivation of *Trim28* floxed (*Trim28*^*f/f*^) mouse was reported previously ([@bib2]). *Mvh-Cre* ([@bib9]), *Amh-Cre* ([@bib13]), *Mvh-Cre*^*ERT2*^ ([@bib14]), and *Stra8-Cre* ([@bib27]) transgenic mice were obtained from The Jackson Laboratory and used as described. For inducible models, adult mice were injected intraperitoneally (i.p.) with 2 mg tamoxifen (Sigma) for 5 consecutive days. For neonates, tamoxifen was injected in increasing doses (50, 75, and 100 μg) for 3 consecutive days starting at P1.

Mating Experiment {#sec4.2}
-----------------

Males were mated with *Trim28*^*WT*^ females. Vaginal plug was checked daily and pups were counted at birth. Total number of pups from males of the same genotype was tallied at each stipulated time frame and divided by the number of successful vaginal plugs to obtain the average litter size for each successful mating by a male.

Histology {#sec4.3}
---------

Testes and epididymides were fixed overnight at 4°C in Bouin solution (Sigma) or modified Davidson\'s fixative (mDF) (30% formaldehyde, 15% ethanol, 5% glacial acetic acid, 50% water) and embedded in paraffin. Testes of embryonic day 18.5 (E18.5) embryos were fixed in mDF for 5 h. Quantification of Sertoli cell-only tubules on hematoxylin and eosin (H&E)-stained slides involved three sections (\>200 μm apart) from each testis. For immunofluorescence staining, heat-induced epitope retrieval was done in 10 mM sodium citrate buffer (pH 6; 105°C for 25 min). Sections were blocked (10% BSA, 3% milk, 0.1% Triton X-100 in PBS) for 1 h at room temperature (RT), incubated with primary antibodies at 37°C for 1 h, before secondary antibody incubation for 1 h at RT. Coverslip was mounted with Hydromount (National Diagnostics) containing 1 μg/mL DAPI (Sigma). Counting of tubules (and cells) was done manually and all tubules within each testis section were counted. See [Table S2](#mmc1){ref-type="supplementary-material"} for antibodies used. Corrected total cell fluorescence was derived as described ([@bib8]), parameters for calculation were measured using Fiji ([@bib29]).

Spermatogonia Isolation and Cell Sorting {#sec4.4}
----------------------------------------

Spermatogonia isolation was performed on neonate testes (P6--P8) as described previously ([@bib10]). Magnetic-activated cell sorting of THY1-positive cells was done as per manufacturer\'s instructions (Miltenyi Biotec).

RNA Isolation and Reverse Transcription Quantitative PCR {#sec4.5}
--------------------------------------------------------

RNA from spermatogonia was isolated using the Arcturus PicoPure RNA Isolation Kit (Thermo Fisher Scientific) following the manufacturer\'s instructions. Total RNA was converted using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). qPCR assays were designed with the Universal Probe Library Assay Design Center (Roche), and performed (three technical replicates) on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Target genes were normalized to *β-actin* and their relative expression analyzed using the 2^−ΔΔct^ method. See [Table S1](#mmc1){ref-type="supplementary-material"} for primers and probes used.

Testicular Germ Cell Depletion and Regeneration {#sec4.6}
-----------------------------------------------

Busulfan (Sigma) was prepared by dissolving in DMSO (Sigma) and diluting with an equal volume of water. A single dose (30 mg/kg) was administered via i.p. injection. Percentage of regenerated seminiferous tubules (i.e., with germ cells up to the spermatid stage) was quantified on H&E-stained testis sections.

BrdU Tracing Experiment (Seminiferous Tubule Whole-Mount Staining) {#sec4.7}
------------------------------------------------------------------

P5 neonates were given 10 μL of Amersham Cell Proliferation Labeling Reagent (GE Healthcare) per gram of body weight via i.p. injection and testes were isolated 5 days later. The tunica albuginea of the testis was removed, and seminiferous tubules were mechanically separated and fixed in 4% paraformaldehyde (Sigma) for 5 h at 4°C. Fixed tubules were denatured with 3.5 M HCl for 2 min and blocked (2% BSA, 10% fetal bovine serum, 0.3% Triton X-100 in PBS) for 4 h at RT. Tubules were incubated with primary antibodies overnight at 4°C followed by secondary antibodies for 1.5 h at RT. Coverslip was mounted using DAPI-containing Hydromount. At least 1 cm of tubule was analyzed. A~single~ cells were cells that stood alone or if cytoplasmic connections were present, cells that were more than one nuclear length apart. An A~single~ event was counted when an A~single~ cell was spotted or when two A~single~ cells were found in close proximity (within the counting frame). A~paired~ cells were defined as two cells that were connected and within one nuclear length from each other. See [Table S2](#mmc1){ref-type="supplementary-material"} for antibodies used.

Statistical Analysis {#sec4.8}
--------------------

Data are represented as mean ± SD and were analyzed using Student\'s t test (p values as indicated). N.S. denotes not significant (p \> 0.05). At least three biological replicates were used for each experiment.
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